Abstract Official control samples of wheat and rye flour were analyzed for the presence of Shiga-toxin producing Escherichia coli (STEC) in 25 g. The detection procedure was based on enrichment in buffered peptone water and Tryptone Bile X-Glucuronide agar, followed by multiplex real-time PCR with an internal positive control. Positive samples were sub-cultured for strain isolation by a two-step procedure. In the first step, ten colonies were picked from each plate, pooled, and analyzed by real-time PCR. In addition, a bacterial material from the part with heavy growth was analyzed. If the 1st isolation attempt failed, in a second step all colonies from molecular positive plates were picked, sub-cultured, pooled and analyzed. 39% of test samples were positive by real-time PCR. STEC was isolated from 17 test samples corresponding to 19%. Molecular detection is linked to the presence of quantifiable numbers of E. coli, whereas the grain species did not have an influence. There is a non-significant correlation with some mills indicating some technological or hygienic problems in those facilities. Increasing the number of subsamples did improve the detection rate. Our findings show the frequent presence of STEC in flour in Germany.
Introduction
Shiga-Toxin producing Escherichia coli (STEC) is a major cause of severe human gastroenteritis (Karmali 2004 ; EFSA Panel on Biological Hazrads (BIOHAZ) 2013; Karch et al. 2015) . STEC frequently occurs in food of animal origin, but increasingly its relevance for food of non-animal origin is gaining importance. The STEC outbreak in Germany by contaminated fenugreek sprouts with more than 50 fatal cases has highlighted the problem (Robert Koch Institut 2011). Consequently, official monitoring programs in Germany were initiated for detection STEC in food of non-animal origin (FNAO). The prevalence of STEC in FNAO reported was very low (BVL 2014) or not detectable (BVL 2015 (BVL , 2016a .
Since 2016, reports of the presence of STEC in contaminated flour have been published (CDC 2016; Gieraltowski et al. 2017; Wu et al. 2017) . A U.S. company initiated a voluntary recall of wheat flour and products contaminated with STEC O121 and O26 (CDC 2016) . Neil et al. (2012) reported STEC in uncooked cookie dough first, but could not trace back this contamination to flour unambiguously. These findings highlight the risk of pathogenic STEC in flour and flour products. Although most wheat and rye flour is being consumed baked, consumption of uncooked flour might occur. New products with uncooked cookie dough, like ice cream, have recently appeared on the market. In households, risky consumption of raw cookie dough or cake batter is quite Electronic supplementary material The online version of this article (doi:10.1007/s00003-017-1113-1) contains supplementary material, which is available to authorized users.
common. In the US, 53% of young adults ate homemade cookie dough (Byrd-Bredbenner et al. 2008 ). In addition, flour is often used to dust surfaces for the transfer of bakery products and pizzas (Gieraltowski et al. 2017) . Thicker dough could be undercooked at some locations. As wheat and rye flour is a stable food, the very high number of servings may pose a risk of ingesting undercooked flour. (Gilbert et al. 2010; Neil et al. 2012; Gieraltowski et al. 2017; Wu et al. 2017) .
Reports of microbial contamination of wheat or rye grains are rare. Microbial contamination of cereal products can occur before or during harvest, or at the flourmill (Gilbert et al. 2010) . Berghofer et al. (2003) reported that contamination at the mills is most probably the result of contamination from encrusted grain dust and residues inside the bins. The milling process includes a conditioning step using water to increase the a w from 0.40 to 0.65 (8-12% moisture) to 0.68-0.70 (14-15% moisture) . Water is added by means of a fine spray. Conditioned wheat is held in large conditioning bins, usually overnight, but sometimes for up to 24-36 h, depending on wheat type and initial moisture content.
Pathogenic Enterobacteriaceae may occur in products with low water activity (a w ) and that exhibits higher heat tolerance (Gilbert et al. 2010; Finn et al. 2013; Beuchat et al. 2013) . Thermal inactivation of STEC in low moisture foods requires higher temperatures and is strain dependent (Liu et al. 2014) . At temperatures of 70°C, Escherichia coli O157:H7 that was originally isolated from cookie dough was detectable in flour after 30 min (Greene 2012) . Under stress, numerous pathogenic bacteria can enter the viable but non culturable stage (VBNC); bacteria enter a metabolically dormant state and consequently are not culturable using conventional laboratory protocols (Finn et al. 2013; Knödler et al. 2016) .
Molecular detection and strain isolation of STEC in food is described in ISO/TS 13136:2012 (ISO 2012 . The detection procedure according to this standard comprises enrichment in modified tryptic soy broth (mTSB) or buffered peptone water (BPW), followed by nucleic acid extraction and real-time PCR. Information on real-time PCR systems to be used is given in an informative annex; this opens the possibility to use other systems if considered necessary. Several protocols for detection of stx1-, stx2-, and eae-gene by real-time PCR were published (Reischl et al. 2002; Nielsen and Andersen 2003; Perelle et al. 2004; Pavlovic et al. 2010) . The isolation procedure is described in a normative annex B of ISO/TS 13136:2012 and is based on the test of 50 colonies. It became evident that this procedure is not successful when applied to FNAO. Taking this into consideration, modifications of ISO/TS 13136:2012 were introduced into the methods developed for the Official Collection of Methods of Analysis according to § 64 of the German Food and Feed Act (LFGB) (Tzschoppe et al. 2012; Working Group ''Molecular Methods-Microbiology'' 2012) . The non-selective pre-enrichment step in BPW is followed by a selective enrichment step on solid agar. 100 ll pre-enrichment broth is streaked out onto Tryptone Bile X-Glucuronide (TBX) agar in duplicate and incubated at 44°C. The colonies from TBX agar plates are swept off and subjected to real-time PCR. A combination of non-selective pre-enrichment and selective enrichment allows for the successful detection of sub-lethally injured bacteria (Clark and Ordal 1969; Hoorfar and Baggesen 1998) . A selective enrichment at 44°C suppresses background flora, ensuring reliable real-time PCR results and facilitates isolation procedures (Tzschoppe et al. 2012) .
Sequence analysis of STEC isolated from plants did not show any clustering; this indicates that plant specific genotypes do not exist and the presence of STEC in FNAO is caused by contamination (Bauwens et al. 2016 ). In the framework of official food surveillance programs, flour is being analyzed microbiologically. We detected STEC in 2015 for the 1st time; these findings were verified by follow up studies, and inspections were carried out. This paper describes the molecular detection and microbial isolation of STEC in flour samples.
Materials and methods

Flour samples and microbial analysis
Flour samples were taken as part of official food surveillance programs in Saxony-Anhalt from 2014 to 2017. Local authorities decided on the number of subsamples to be taken based on previous test results and the accessibility of the material. Samples were transported to the laboratory within 48 h at 2°C. All subsamples were analyzed separately for E. coli and STEC; hence 51 incoming laboratory samples resulted 98 test samples (see Table 1 ). Using standard protocols, incoming samples were analyzed for total plate count, Salmonella spp., E. coli count, Bacillus cereus, sulfite-reducing clostridia, yeasts and moulds (BVL 1991; ISO 2001 ISO , 2003 ISO , 2004 ISO , 2013 . The detection protocol for E. coli was modified by using Brilliance E. coli/Coliform Selective Agar (Oxoid, Wesel, 
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Germany, PO5176A) and incubation at 37°C. A detailed summary of flour samples and microbial results is given as electronic supplementary material.
Analysis of STEC
Analysis of STEC is carried out through a combination of the following three modules:
1. microbial enrichment as two step procedure, 2. molecular detection by real-time PCR, and 3. STEC isolation.
Module 1: microbial enrichment
A 25 g portion of flour was added to 225 mL BPW (Oxoid, BO0201S) and incubated for 16 ± 1 h at 37°C. 100 lL of incubated pre-enrichment broth was streaked onto TBX agar (Oxoid, BO0194SM) in duplicates and incubated at 44°C for 24 ± 1 h. The next day, 1 mL 0.9% NaCl solution was applied onto the surface of each TBX agar plate and colonies were removed completely by wiping with the pipette tip. The resulting suspension was aspirated with a pipette, and transferred into a reaction tube. 100 lL were removed and diluted by adding 900 lL Aqua bidest, subjected to thermal lysis at 95°C for 10 min followed by 30 s centrifugation (Tzschoppe et al. 2012 ; Working Group ''Molecular Methods-Microbiology'' 2012). The residual bacterial suspension was kept for STEC isolation, if molecular reactions showed the presence of stx genes.
Module 2: multiplex real-time PCR assays
Multiplex real-time PCR was a combination of published systems for the detection of stx1, stx2, eae simultaneously together with an internal amplifications control based on pUC18/pUC19. Real-time PCR assays were carried out in 25 lL reaction volumes containing 2.5 lL of template lysate, 300 nM each primer stx-F, stx-R, eae-F, ear-R, 125 nM each probe stx1-probe; stx2-probe, eae-probe, 250 nM each primer pUC 18-F and pUC 18-R, 100 nM probe Tm-pUC18, 1 lL diluted pUC19 DNA equivalent to approximately 10 copies, and 12.5 lL Roche LightCycler Ò 480 Probes Master (Roche Diagnostics, Mannheim, Germany). All primers and probes were synthesized by TIB MOL-BIOL (Berlin, Germany) and are listed in Table 2 . Thermal cycling was carried out on a LightCycler Ò LC480 (Roche Diagnostics), and consisted of an initial step at 95°C for 10 min followed by 45 cycles of 95°C for 20 s and 60°C for 1 min. Fluorescence acquisition took place at the end of each 60°C cycle. Reactions were analyzed at wavelengths of 500 nm (stx1), 533 nm (stx2), 568 nm (eae), and 610 nm (internal amplification control pUC18/pUC19).
Module 3: STEC isolation
Strain isolation was carried out as two step procedure. At first, the bacterial suspension from TBX agar was streaked onto TBX agar and CHROMagar STEC (Mast Diagnostica, Reinfeld, Germany, No. 201381) as original suspension, and twice tenfold diluted in 0.9% NaCl resulting in a 10 -1 and 10 -2 dilution. This resulted in 12 agar plates. Selective agar plates were incubated overnight at 44°C. If available, ten isolated colonies were selected from each plate and pooled together in 200 lL Aqua bidest; for this purpose approximately half of the bacterial colony was transferred with an inoculation needle. Purple colonies were selected from CHROMagar STEC and blue colonies from TBX, in general. As some E. coli strains, thereunder STEC O157:H7 strains, lack glucuronidase activity, white colonies from TBX agar were selected and pooled the same way. If many different isolated colonies grew on one plate, an area of approximately 0.5 9 0.7 cm from the part with heaviest growth was removed with an inoculation loop and likewise transferred to 200 lL Aqua bidest. DNA was extracted by thermal lysis for 10 min at 95°C, followed by 30 s All but one (sample 6) molecular positive samples were subjected to isolation attempts which failed in samples 29, 37, and 45. A sample consisting of several subsamples which were analyzed separately was reported positive when at least one subsample was positive. a The laboratory sample consisted of 10 subsamples which were analyzed as one pool centrifugation at 10,0009g, and subjected to multiplex real-time PCR as described. All colonies from positive pools were transferred to nutrient agar (Oxoid, CM0003B). Up to ten colonies were streaked on one agar plate in a star-like pattern. After overnight incubation at 37°C, colony material from each strain was transferred into 200 lL Aqua bidest and analyzed separately by real-time PCR on a 10 lL scale applying 1 lL bacterial template DNA. If none of the pools of ten colonies tested positive, but the colony material from the heavy growth part was positive, the second step of the isolation procedure called ''500 colony procedure'' was started. All bacterial colonies from these plates were transferred with sterile toothpicks to nutrient agar. 20 colonies were streaked onto one nutrient agar in a star-like pattern. By this procedure, on average 500 single colonies (300-700) were transferred from one subsample. After overnight incubation at 37°C, all colonies were analyzed by real-time PCR as pools per 20 subcultures. Positive pools were separated as described. All strains were verified by the National Reference Laboratory for Escherichia coli, Bundesinstitut für Risikobewertung (BfR) Berlin, Germany (data not shown).
Interpretation of the results
Samples were reported positive, when STEC was detected and one or more STEC strains were isolated. If the two step isolation procedure did not result in successful strain isolation, but analysis of the part with heavy growth did show the presence of culturable STEC on TBX agar, the subsample was classified as ''molecular positive but non isolated''.
Statistical analysis
Statistical analysis was done using R version 3.2.4 (R Foundation for Statistical Computing). Samples were categorized according to dichotomous variable ''positive'' or ''negative'' into k 9 2 contingency tables. Contingency tables were analyzed using the V 2 -test. If figures in categories were below 5, the test simulated p value based on 2000 replicates was applied.
Evaluation of hygienic conditions
On-site inspections of hygienic conditions in mills were carried out during the last 6 years as part of a local monitoring program. Mill H was visited after STEC findings. All inspections were carried together with a company representative in a structured way. Control points included visual checks of equipment, rooms and outside environment, as well documentation checks including records of pest control.
Results
Results are summarized in Table 1 . STEC was detected in 38 of 98 (39%) test samples by real-time PCR and isolated from 17 test samples out of 88 (19%). Sample 6 with 10 subsamples, of which 7 were positive, was used to confirm the first positive findings (sample 4 and 5). The isolation procedure was not applied to sample 6 resulting in the difference of ten. STEC was successfully isolated from 55% of molecular positive subsamples. STEC could not be isolated from three molecular positive laboratory samples even when the ''500 colony procedure'' was applied. 
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Results of molecular detection and strain isolation in combination with the factors E. coli, grain species and mill are summarized in Table 3 . Molecular detection of STEC corresponds to the number of E. coli (V 2 = 7.1018, df = 1, p value = 0.0077). The isolation of STEC was not dependent on the presence of E. coli (V 2 = 1.1182, df = 1, p value = 0.2903). The grain species did not have an influence on the molecular detection or on the isolation of STEC in flour samples. There was some evidence that STEC detection and strain isolation did cluster at some flourmills, however, statistical significance for this If entries in one field were \5, the function simulation of p value of R was used trend could not be found. On-site inspections at mills showed a broad range of hygienic conditions, with a trend towards STEC detection at mills with inferior hygienic conditions. Incoming samples consisted of 1, 2 or 10 individual subsamples. Two laboratory samples drawn at mill G were composed of two subsamples; these were grouped together with samples from mill H consisting of ten subsamples. As shown in Table 4 , detection rate and strain isolation could be improved when laboratory samples consisted of several subsamples.
Discussion
Our studies, starting in 2014, showed the presence of STEC in flour in Germany for the 1st time. STEC was detected in wheat and rye flour through a combination of molecular and microbial methods. The presence of at least one of the two genes stx1 and stx2 encoding Shiga toxins is used as the common characteristic for molecular identification of EHEC (Karmali 2004 ). Molecular detection after two subsequent enrichment steps guarantees positive results by culturable bacteria only. In this work, ISO/TS 13136:2012 (ISO 2012 was modified by the introduction of a 2nd selective enrichment in accordance to other protocols (Tzschoppe et al. 2012; Working Group ''Molecular Methods-Microbiology'' 2012) . There are several advantages of a second specific enrichment step, including better sensitivity, exclusion of the influence of co-extracted food material, and the exclusion of DNA from inactivated cells. The isolation procedure was carried out with a two-step procedure, based on the consideration that isolation rates can be increased with an increase in the number of colonies tested. During the 1st step, approximately 100 colonies were selected and tested as pools of ten each by PCR. In addition to single colonies, material from the part with heavy growth was subjected to molecular analysis. Positive findings there indicated the presence of STEC colonies on this plate. This led to the decision to test as many colonies as possible. Consequently, all colonies from this plate were picked and transferred to nutrient agar plates. This so-called ''500 colony procedure'' took approximately 3 h per sample which was considered appropriately for this pathogen. Not all isolation attempts were successful; Baumgartner et al. (2016) had comparable results. Despite these difficulties, strain isolation is necessary in official food surveillance as justification for legal actions and for epidemiological studies.
Wheat and rye were grown and harvested under similar conditions in our region and there was no influence of the grain species.
The factor ''flourmill'' showed a non-significant trend that positive findings occur in some mills only. Grains as raw material are not sterile per se but grains were not contaminated at detectable levels (data not shown). Maintenance and hygienic conditions differ between the mills, e.g. mill H with an ongoing STEC contamination problem suffers from inappropriate hygienic conditions. The milling Detection and isolation of Shiga-Toxin producing Escherichia coli in flour in Germany… 251
process includes a conditioning step to adjust the water content at 14-15%. Water is being applied to the grain which is being stored in conditioning cells for several hours afterwards. Berghofer et al. (2003) found a remarkable increase of E. coli counts after conditioning, and detected build-up of grain residues in conditioning augers, elevators and storage bins. Based on our data, the contamination source could not be found. Two different scenarios could have led to STEC contamination of flour. In the 1st scenario, STEC in contaminated raw material multiplied after the conditioning step in residues adhered to the technical equipment of the mill. In the 2nd scenario, contamination occurred in the mill through contaminated water used for conditioning or by excrement from rodents and birds.
The detection rate increased significantly if the laboratory sample was composed of several subsamples. The higher strain isolation rate with an increasing number of subsamples was not significant. The isolation rate depended on several factors, the number of subsamples was one of these. Our findings might have been biased by the limited number of mills sampled with subsamples. Future programs should define the number of subsamples to allow a proper comparison of analytical results.
Our findings show the frequent presence of STEC in flour in Germany. Future systematic studies over periods of time should analyze the factor ''flourmill'' in a systematic way, together with the hygienic and technological conditions. Food business operators producing foodstuff containing uncooked flour should be aware of the possibility of the presence of STEC and should consider the higher thermal stability of STEC in products with low water activity (Finn et al. 2013; Liu et al. 2014; Knödler et al. 2016) .
